Introduction
Surface patterning is a means by which surface features can be tuned down to the nanometer scale. Surfaces patterned at the micro/nanoscopic level find applications in a wide range of technological fields such as water repellency, solar cells, electronic devices, biocompatible surfaces, photonics, information storage devices, microfluidic devices, catalysis, bio-medicine and so on [1] [2] [3] [4] [5] . The continued development of lithographic techniques allows patterns to be produced with feature sizes well below 100 nm [6] . However, micro-or nanopatterning via lithography techniques is expensive and complex. Nanopatterning using block copolymers has attracted much attention [7] [8] [9] Polymer masking has recently been used to fabricate vertically aligned carbon nanotubes that provide novel concepts and new properties for multifunctional applications, ranging from advanced chemical and biological sensors to smart membranes to flexible electronics membranes to flexible electronics [10] . The design of block copolymers with controlled properties also allows their application as surfaces with tunable wettabilities, increased cell adhesion, large surface-to-volume ratios for chemo-and biosensing and etchresistant patterns for further processing [6] .
Several miscible and immiscible polymer blends such as polycarbonate/ poly(methyl methacrylate) (PC/PMMA) [11, 12] , poly(vinyl chloride)/poly(methyl methacrylate) (PVC/PMMA) [13] and polystyrene/poly(methyl methacrylate) (PS/PMMA) [13, 14] have been previously studied. Immiscible polymers have segregated structures with domains predominantly formed from the individual ho-mopolymers. The surface morphological features vary with the relative proportions of individual homopolymers in the polymer blends [15] . Immiscible blends also have the tendency for one of the homopolymers to be segregated at the surface in preference to the other. In case of solvent cast polymer composite coatings, the enrichment of the surface by one of the polymers could be influenced by the choice of solvent. For example, the surface of PVC/PMMA blends was enriched with PMMA when cast from tetrahydrofuran [16] . PS/PMMA blends have been cast on mica from chloroform by . Other workers have also used solvents such as chlorobenzene and toluene [17] and methyl ethyl ketone [18] .
Although, the aforementioned studies on composite polymers mostly focus on the surface patterning and surface morphological and compositional studies, a study on the wetting behavior of these surface patterns, which may be foreseen as an important parameter for use in biomedical applications, is considered important. In this work, we present a simple and low cost method of making composite polymer coatings and polymer masks on silicon (Si (100)) substrates by solvent casting PS and PMMA polymer blend solutions with varying relative volume proportions of each polymer separately dissolved in toluene. The wetting behavior of these surfaces has also been characterized in addition to surface morphological and chemical compositional analyses.
As an example of use of the PMMA masks in nanos-tructured surface coatings, we have demonstrated the formation ZnO µ-doughnut patterns using our PMMA masks in combination with a sol-gel spin-coating technique. ZnO was chosen simply due to its wide use in several fields of applications including biomedicine.
Experimental
Polystyrene (PS) and poly(methyl methacrylate) (PMMA) of equal molecular weights (M w = 350000) from Sigma Aldrich were used for casting on silicon substrates. Silicon wafers were cleaned ultrasonically using a 1% LIQUINOX solution (Sigma Aldrich) followed by ultrasonic rinsing with de-ionized water for 20 min each. Individual polymer solutions were prepared by dissolving 30 g of PS and 30 g of PMMA individually in 1000 ml toluene. Polymer blend solutions were prepared by mixing the two homopolymer solutions ultrasonically in proportions of x vol% PS solution in (100-x) vol% PMMA solution, where x ranges from 0 to 100 in steps of 10. Composite polymer coatings were prepared by spin coating the polymer blend solutions on ultrasonically clean and dry Si (100) wafers at 6000 rpm for a duration of 60 s followed by drying at room temperature.
The composite polymer coatings of different polymer blends were immersed in cyclohexane and treated ul-trasonically for 20 min to remove PS from the composite in order to create masks of PMMA on silicon surfaces.
The surface morphologies of the composite polymer coatings as well as the PMMA masks were characterized using an atomic force microscope (AFM) (Digital Nanoscope IIIa by Digital Instruments). The chemical compositional analyses were conducted using X-ray photoelectron spectroscopy (XPS) and transmission mode Fourier transform infrared spectroscopy (FTIR) (PerkinElmer Spectrum One). The XPS spectra were collected using an ESCALAB 220iXL spectrometer, with a Mg Kα (1253.6 eV) X-ray source. FTIR measurements were performed by using an ultrasonically cleaned piece of silicon as reference for background subtraction prior to measurement of the samples.
The number of scans used was 20. The wetting behavior of the composite polymer coatings and the PMMA masks was studied by measuring static water contact angle on these surfaces using a contact angle goniometer (Kriiss GmbH, Germany). Water drops of volume ∼5µlwere used to acquire the static contact angle data by fitting the symmetric water drops using the Laplace-Young equation. An average of 8 water drops was used to obtain the standard deviation of the acquired data.
Results and Discussion
The surface morphological studies of the different composite polymer coatings by AFM Different PMMA masks were created by etching out the PS from the composite polymer coatings using cyclohexane. The AFM images of the different PMMA masks revealed the formation of a specific pattern depending on the relative volume proportion of each polymer used. These analyses were also useful in understanding the way each polymer segregated in the composite coating which was not visible in the AFM analyses of the composite polymer coatings. AFM images of the PMMA masks created using the composite polymer coating of 20/80, 50/50 and 80/20 vol% PS/PMMA are shown in Figure 2 . It can be seen from the images that the 50/50 vol% PS/PMMA gave a wrinkled mask. The height of the wrinkles was determined from the AFM image analyses to be ∼350 nm (Figure 2(b) ). This shows that the PMMA segregated as wrinkles. In the PMMA mask created using 20/80 vol% PS/PMMA (Figure 2 Chemical analyses were carried out using FTIR and XPS investigations. Both FTIR and XPS spectra were collected on silicon surfaces coated with 100 vol% PS, 50/50 vol% PS/PMMA, 100% PMMA and the PMMA mask formed following the removal of PS.
Although all the significant FTIR peaks of both PS and PMMA were observed (in the range of 500-3500 cm -1 ), only selected peaks have been displayed in Figure 4 for the purpose of distinguishing them. In the FTIR spectrum of 100% polystyrene, the aromatic ring, (C6H5), gives rise to the group of bands above 3010 cm However, the PMMA mask shows the presence of the silicon substrate, which is an indication that the PS has been removed in the etching process exposing the substrate in those areas where the PS was etched away. Figure 6 shows the high-resolution C 1s
and O 1s spectra of all these combinations. .9 eV were 49 and 51%, respectively. However, the relative concentration of the O 1s peak of the PMMA mask after PS removal from the composite also resolved into two peaks with concentrations 64 and 36%, respectively. The intensity of the peak at 532.4 eV increased due to the oxygen from the native oxide on the silicon surface exposed in the areas where PS has been removed. These analyses show that the PS has been removed successfully from the PS/PMMA composite. The highresolution carbon C 1s and O 1s spectra of the 100% PS and 100% PMMA shown in Figure 6 (a), (b), respectively, are in excellent agreement with previously published work [18] . In addition, Figure 7 shows the high resolution Si 2p spectrum of the PMMA mask on the silicon substrate. The presence of a strong peak of Si 2p at 99 eV corresponding to the metallic silicon and the peak at 103 eV corresponding to the silicon bonded to oxygen confirm the successful removal of PS from the composite of PS/PMMA resulting in the production of a PMMA mask on the silicon substrate. ZnO microdoughnuts has been demonstrated using micropillared PMMA masks.
